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[57] ABSTRACT 
A time interval counter permits the time interval be 
tween a ?rst signal and one of a‘series of timing signals 
to be measured to less than :2 nanoseconds without 
using microwaves and high power-consuming devices. _ 
The time interval counter uses a ?rst passive delay time 
operated from the ?rst signal, which occurs at an un 
known interval from the timing signals, to produce a 
plurality of binary outputs spaced from each other by 
known equal time intervals that are substantially less 
than the interval between the timing signals, and a sec 
ond passive delay line operated by the timing signal, 
which occurs after the ?rst signal, to produce a plural 
ity of sequential outputs spaced from each other by a 
plurality of known sub-time intervals that are substan 
tially less than the time interval between the plurality of 
binary outputs of the ?rst delay line. The time interval 
counter also includes means to store the plurality of 
binary outputs of the ?rst delay line at each of the sub 
time intervals produced by the second delay line, and ' 
means to determine the time interval between the ?rst 
signal and timing signal from the stored binary outputs 
of the ?rst delay line by interpreting the earliest stored 
binary outputs and the stored binary outputs at each 
sub-time interval and combining the interpretation and 

_ comparison to calculate the time interval. 

14 Claims, 14 Drawing Sheets 
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METHOD AND APPARATUS FOR DETERMINING 
THE TIME BETWEEN TWO SIGNALS 

BACKGROUND OF THE INVENTION 

This invention relates, in general, to time interval 
counters and, more particularly, to a time interval 
counter that may be incorporated into an atomic clock 
and provide improved means to determine the time 
interval between an internally generated time signal and 
an external standard time signal. 
An atomic clock is a device to generate the time of 

day, time signals, and, frequently, standard frequency 
outputs from highly stable, internal, atomic oscillators, 
such as atomic rubidium oscillators. In such atomic 
clocks, highly stable frequencies are generated by the 
electronic emissions experienced in the transition be 
tween two energy levels of an atom or molecule. Such 
transitions generally occur in the microwave region of 
the electromagnetic spectrum and provide a highly 
stable frequency reference to which the frequency of a 
voltage-controlled, crystal oscillator (VCXO) can be 
electronically locked. The high frequency stability asso 
ciated with an atomic reference frequency is transferred 

' to a voltage-controlled, crystal oscillator. Hydrogen, 
cesium, and rubidium frequency standards can be used 
in-atomic clocks to stabilize, usually, a ?ve MHz, or ten 
MHz, quartz crystal oscillator. 

In portable atomic clocks, rubidium atomic oscilla 
tors are preferred because of their small size and their 
contribution to portability. By slaving a voltage-con 
trolled, quartz, crystal oscillator to the frequency of 
atomic transition of rubidium, the tendency of the 
quartz, crystal oscillator to drift through aging and 
other environmental effects can be markedly sup-_ 
pressed. Temperature and pressure changes, however, 
affect the frequency of the rubidium standard, and the 
atomic clock runs faster or slower, depending upon the 
change. Portable atomic clocks are usable to transfer 
precise times from one location to another and to cali 
brate remotely located equipment which needs a precise 
time of day to operate reliably and as desired. Such uses 
include equipment needing “?ying clocks”, geophysical 
survey-positioning systems, bistatic radar systems, and 
precise time-keeping systems. It is thus desirable to 
determine the time interval between the time signals 
generated by such a clock to “set” the portable clock 
with a standard time and to measure and compensate for 
the clock’s drift. 
Time interval counters for atomic clocks are known; 

however, the known atomic clocks were capable of 
measuring time intervals to only 3: 20 nanoseconds 
accuracy and of synchronizing an internally generated 
time signal with an external standard time signal to an 
accuracy of only i 50 nanoseconds. 

BRIEF SUMMARY OF THE INVENTION 

This invention permits a time interval between two 
signals to be measured to less than i two nanoseconds, 
while avoiding microwave electronics and high power 
consumption. 
A time interval counter of the invention includes a 

?rst means, operated by an external signal occurring at 
an unknown time interval, for producing a plurality of 
binary outputs spaced from each other by a plurality of 
known equal time intervals. The plurality of time inter 
vals generated by the ?rst means is substantially less 
than the time interval between a series of timing signals 
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of known frequency that, with the external signal, de 
?ne the unknown time interval. This plurality of binary 
outputs can represent, in coded form, the time interval 
following the first signal. _ 
The time interval counter of the invention also in 

cludes a second means, operated by the timing signal of 
known frequency next following the external signal, for 
producing a plurality of sequential outputs spaced from 
each other by a plurality of known sub-time intervals 
that are substantially less than the time interval between 
the plurality of binary outputs of the ?rst means. 
The time interval counter further includes means for 

storing the plurality of binary outputs and coded repre 
sentations of the time interval after the external signal at 
each of the sub-time intervals produced by the second 
means, and means for determining the time interval 
between the external signal and timing signal next fol 
lowing the external signal from the stored binary signals 
and coded representations, by interpreting the earliest 
stored coded representation, by comparing the coded 
representations of the sub-time intervals to determine 
the number of sub-time intervals represented by the 
next change in the stored coded representations, and by 
combining the interpretation and sub-time determina 
tion to calculate the time interval between the external 
signal and the next occurring timing signal. 
The invention permits the use of the developed, 

atomic-clock technology using frequency generators in 
the ten MHz. frequency range stabilized by atomic, 
rubidium oscillators and avoids the generation of micro 
wave frequencies on the order of, for example, one 
gigahertz. In the invention, the 100-nanosecond interval 
of a rubidium-stabilized ten MHz standard frequency 
generator is divided into sub-subintervals of about one 
nanosecond through a unique combination of pulse, 
binary, and analog electronic techniques. 

In such an atomic clock application of the invention, 
the time interval between the internally generated time 
signal of the clock and an external standard time signal 
is ?rst determined in a manner known in the art, by 
counting the number of 100-nanosecond intervals be 
tween the two signals. The portion of the time interval 

' less than 100 nanoseconds is determined by forming the 
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two signals as pulses and delaying the pulses to provide 
a plurality of signals at subintervals and sub-subintervals 
of the 100-nanosecond period. Thus, in this preferred 
application of the invention, the ?rst means is a. delay 
line providing a plurality of outputs uniformly spaced 
throughout the 100-nanosecond period. Conveniently, 
the ?rst delay line provides eight outputs at 12.5 
nanosecond intervals, as the ?rst pulse, which repre 
sents the external standard time signal, travels through 
the delay line. The eight outputs comprise a plurality of 
binary outputs representing the subintervals of time less 
than 100 nanoseconds after the external time standard. 
The second means is also a delay line, and the sub 
subintervals of time are generated by applying a pulse 
generated from the ten MHz frequency standard timing 
signals to this delay line and dividing the time subinter 
val of the ?rst means into a plurality of sub-subintervals 
of time, with a signal output at each sub-subinterval of 
time. Conveniently, the second delay line provides ten 
outputs, each output being delayed in time 1.25 nano 
seconds from the previous output as the second timing 
pulse travels down the second delay line. 
The binary outputs of the ?rst delay line, which can 

be considered, at any instant of time, as a binary coded 
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representation of the time interval after the external 
standard time signal, are stored at each sub-subinterval 
of time, beginning at the time of the second timing 
pulse. A central processing unit then determines the 
time interval between the external standard time signal 
and the timing signal generated from the ten MHz fre 
quency standard, from the stored binary outputs of the 
?rst delay line and from the sub-subinterval of time at 
which the output of the ?rst delay line changes. 
Thus the interval T between an external time signal 

and an internal time signal is determined by producing 
a series of timing signals having f precise periods of 
time, l/f, with f being many times greater than the 
reciprocal of T. The time interval T is ?rst determined 
by counting the number of time periods 1/ f between the 
?rst signal and the second signal. The portion of the 
time interval that is less than l/f is determined by pro~ 
cessing the ?rst signal to produce n sequential outputs 
equally spaced in time and commencing at times de 
layed from each other by periods of 

processing the second timing signal occurring next after 
the ?rst signal to produce p sequential outputs, each of 
the p sequential outputs being equally spaced in time 
and commencing at times delayed from each other by 
periods of 

sampling the n outputs at times corresponding to each 
of the p sequential outputs and storing the sampled n 
outputs, reading the stored sampled n outputs and com 
paring the stored n outputs to determine the 

period when a mismatch occurs in the stored n outputs, 
and calculating the time interval between the ?rst signal 
and the second timing signal to an accuracy of 

l 
pXnXf 

from the sampled n outputs and the 

l 
pXnXf 

period hat which a mismatch in the sampled n outputs is 
detected. 
An atomic clock with a time interval counter of this 

invention can be used to transfer time precisely from a 
standard time reference to a remotely stationed clock. 
The invention contributes to such a clock, the ability to 
measure the time interval between a standard reference 
time and the time of the atomic clock with an error of 
less than 1*: two nanoseconds. Because the invention 
permits comparison of an internally generated time with 
a standard reference time with so little error, the effect 
of environmental changes and the drift error associated 
with the clock can be accurately measured and compen-. 
sated for during a transfer trip. Thus, an atomic clock 
incorporating this invention permits someone to carry 
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4 
standard time from a known time standard to a remotely 
stationed clock with substantially improved accuracy. 
The drawings and the descriptions which follow 

illustrate a preferred embodiment of this invention and 
further explain the principals and features of the inven 
tion. Other features of the invention will be apparent 
from the drawings and description of the preferred 
embodiment. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram of an atomic clock illustrat 
ing its major components; 
FIG. 2A is a diagram showing the relationship of 

internally generated one-second signals of an atomic 
clock and an externally generated time signal offset in 
time by an unknown time interval and a plurality of 
100-nanosecond divisions of one second; 
FIG. 2B is a diagram showing the 100 nanosecond 

time interval of FIG. 2B in which an external time 
signal of FIG. 2A occurs, and illustrates how the inven 
tion creates subintervals and sub-subintervals of time to 
determine a time interval with an accuracy greater than 
i 100 nanoseconds; 
FIG. 2C is a block diagram of a preferred embodi 

ment of the time interval counter of this invention; 
FIGS. 3 and 4 are circuit diagrams of a preferred 

embodiment of the time interval counter means of FIG. 
2C, more speci?cally FIGS. 3A through 3G comprise 
the diagram of a circuit board carrying the counter 
means and time interval, latch means of FIG. 2C, and 
FIGS. 4A through 4E comprise the diagram of a circuit 
board carrying the sub interval signal generator, pulse 
generator, sub-sub interval signal generator and sub 
interval latch means of FIG. 2C. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

An atomic clock is illustrated in the block diagram of 
FIG. 1. As shown in FIG. 1, the atomic clock includes 
an atomic frequency generation means 10, a time inter 
val counter means 20, a central processing unit, or mi 
croprocessor, 30, and a readout 40 capable of providing 
time of day and time interval information in a digital 
format. 
Atomic frequency generation means 10 generates a 

high frequency of, for example, ten MHz, using an 
atomic frequency generator, preferably a rubidium 
atomic frequency oscillator, to stabilize the frequency 
generation means. The atomic frequency generation 
means 10 is well known in the art and is not described in 
any detail herein. 
As shown in FIG. 1, the output of the frequency 

generation means (f) is applied to the time interval 
counter means 20. The time interval counter means 20 
develops an internally generated time signal, preferably 
one pulse per second, and can determine the time inter 
val between an internally generated time signal of one 
pulse per second and an external standard time signal of 
one pulse per second to i 100 nanoseconds. The details 
of the clock readout 40 are well known in the art and 
are not described here. 
As shown in FIGS. 2A and 2B, an atomic clock can 

generate time signals 21a and 21b at accurate onesecond 
intervals by counting ten million pulses 22 generated 
from an atomic frequency-stabilized, ten MHz fre 
quency generator. An externally generated signal 24, 
which may be the one-second signals of a standard time 
reference or standard clock, occurs between the inter‘ 
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nally generated one-second signals 21:: and 21b. The 
time interval T between signal 24 and signal 210 or 21b 
can be determined to i 100 nanoseconds (the time 
interval between the timing signals 22) by counting the 
number of timing signals 22 between pulse 24 and either 
of the timing signals 210 or 21b. 

This invention permits the time interval between 
signal 24 and either of signals 21a or 2112 to be deter 
mined to less than i two nanoseconds. For conve 
nience in describing the invention, the 100-nanosecond 
interval 25 between timing signals 22n and 22n+1, in 
which the pulse 24 occurs, is shown in FIG. 2B. 

In the invention, the time after the signal 24 is divided 
into a plurality of subintervals of time, for example, 
including 260 through 26e. The time after the second 
timing signal 22n+1 is divided into sub-subintervals of 
time 27a through 27]’, and the time interval between the 
pulse 24 and either of timing pulses 22n or 22n+1 is 
determined from the subintervals 26 and sub-subinter 
vals 27. 
FIG. 2C is a block diagram showing the major ele 

ments of the preferred embodiment of the time interval 
counter means 20 and its relationship with frequency 
generator 10 and central processing unit 30. FIG. 2C is 
simpli?ed by the omission of circuit elements to permit 
a clear understanding of the major elements of the time 
interval counter means and its method of operation. The 
operation of the time interval counter is described as if 
the time signal pulses have instantaneous rise times and 
constant amplitudes (i.e., have a square wave format) 
although such ideal signals are not achieved in practice. 
Those skilled in the art will be able to achieve the inven 
tion with real-time signals and components. . 
FIGS. 3A through 3G and 4A through 4B are th 

schematic drawings of the complete circuit of time 
interval counter means 20. Although the invention can 
operate with a frequency generator 10 providing other 
frequencies, the preferred embodiment of this invention 
employs an atomic frequency generator providing a 
stable and accurate ten-MHZ frequency. 
As shown in FIG. 2C, the time interval counter 

means 20 includes counter means 210. Counter means 
210 comprises preferably a plurality of counters to 
count pulses generated from the ten-MHZ output of the 
frequency generator 10 and provide an output pulse at 
the end of ten million cycles, or one pulse per second 
such as pulses 21a and 21b of FIG. 2A. This internally 
generated one pulse per second comprises a secondary 
standard which may be used to develop an accurate 
time of day and provide accurate timing signals to other 
equipment. 
The time interval between the internal time signal and 

the external time signal is ?rst measured to i 100 nano 
seconds accuracy by counter means 210 and time inter 
val latch 220. Accurate 100-nanosecond time intervals 
are generated by the periods between a series of timing 
pulses (shown as 22 in FIGS. 2A and 2B) generated 
from the atomic frequency generator 10. The number of 
100-nanosecond time intervals between the internal one 
pulse per second and the external time standard are 
counted by the combined operation of counter means 
210 and time interval latch 220. Beginning with the 
leading edge of the internally generated one pulse per 
second, counter means 210 counts the number of timing 
pulses (i.e., 100-nanosecond time intervals) in decades; 
and the count in decades from counter means 210 is 
connected with time interval latch 220 as shown in FIG. 
2C. Upon detection of the leading edge of the external 
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6 
standard one pulse per second, the time interval count 
from counter means 210 is latched, or stored, after the 
current 100 nanosecond interval has propagated 
through the counter means 210, in time interval latch 
220 and read by the central processing unit. Central 
processing unit 30 stores the number of 100-nanosecond 
time intervals that were counted between the internally 
generated one pulse per second and the external stan 
dard one pulse per second. This measurement, as known 
in the art, determines the time interval between the 
internal one pulse per second and the external standard 
one pulse per second to i 100 nanoseconds. 

In the invention, the time interval between the inter 
nal one pulse per second and the external standard one 
pulse per second is then determined to an accuracy of i 
two nanoseconds. This determination begins with the 
receipt of the external standard one pulse per second. 
The external standard pulse (shown as pulse 24 in 

FIG. 2B) is applied to a subinterval signal generator 230 
over connection 231. The external standard pulse gener 
ally has a pulse length greater than 100 nanoseconds. 
Subinterval signal generator 230 provides a plurality of 
outputs equally spaced in time (as shown, for example, 
by 26a-26e of FIG. 2B) during the 100-nanosecond time 
interval. In the preferred embodiment, subinterval sig 
nal generator 230 comprises a passive delay line to 
which the external standard pulse is applied, having 
eight, uniformly delayed outputs changing from low, 
“0”, to high, “1”, as the leading edge of the external 
standard pulse passes. The outputs of such a subinterval 
signal generator provide eight outputs changing from 0 
to 1 at, respectively, 12.5, 25, 37.5, 50, 62.5, 75, 87.5, and 
100 nanoseconds after the arrival of the external stan 
dard pulse. . 

The eight digital outputs of the subinterval signal 
generator 230 are connected with subinterval data bus 
232 and provide, at any instant of time, a digitally coded 
representation of the time interval following the exter 
nal standard time signal pulse on line 231. The subinter 
val data bus 232 provides the digitally coded output of 
subinterval signal generator 230 simultaneously at the 
inputs of ten subinterval latches SILO-SIL9,_numbered, 
respectively, 240-249 on FIG. 2C. The subinterval 
latches 240-249 are transparent to the output of the 
subinterval signal generator 230 unless latched. 

In the invention, a sub-subinterval generator 250 op 
erates the subinterval latches 240-249 to permit resolu 
tion of the time interval between the internally gener 
ated one pulse per second and the external standard one 
pulse per second to less than 1: two nanoseconds. The 
sub-subinterval generator 250 is operated from a pulse 
generated by pulse generator 251. Pulse generator 251 is 
prepared by the arrival of the external standard pulse on 
connection 252 and the incidence of timing pulses origi 
nating from the atomic frequency generator 10, and 
generates a timing pulse to operate the sub-subinterval 
signal generator upon receipt of the next timing signal 
from the frequency generator 10 over connection 253. 
The pulse generator 251 also generates a “?ag” pulse 
over connection 254 to inform the central processing 
unit 30 that time interval measurement is occurring. The 
timing signal pulse from pulse generator 251 is applied 
to the sub-subinterval signal generator over line 255. 
Sub-subinterval signal generator 250 develops ten out 
puts 260-269 connected with subinterval latches 
240-249, respectively, as shown in FIG. 2C. 

In the preferred embodiment, sub-subinterval signal 
, generator 250 can comprise a passive delay line to 
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which the timing pulse is applied and having ten uni 
formly delayed outputs as the leading edge of the timing 
pulse passes. In the embodiment of FIGS. 3 and 4, the 
outputs 260-269 are equally spaced in time and delayed 
one from the other by intervals of about 1.25 nanosec 
onds after the timing pulse (as shown by pulse 22n+1 
and sub-subtime intervals 27a-27j of FIG. 28); that is, 
output 260 occurs 1.25 nanoseconds after the applica 
tion of the timing pulse on line 251 to subinterval gener 
ator 250; output 261 occurs 2.50 nanoseconds after the 
application of the timing pulse to the sub-subinterval 
generator 250; output 262 occurs 3.75 nanoseconds after 
the timing pulse; and so on. Applications of the sub 
subinterval signal generator outputs over lines 260-269 
latch the subinterval latches 240-249 at, respectively, 0, 
1.25 nanosecond, 2.5 nanoseconds, 3.75 nanoseconds, 
5.0 nanoseconds, 6.25 nanoseconds, 7.5 nanoseconds, 
8.75 nanoseconds, 10 nanoseconds, and 11.25 nanosec 
onds after the application of the timing pulse over con 
nection 255 to the sub-subinterval generator 250. 

Since the eight outputs of the subinterval generator 
230 (providing a coded representation of the time inter 
val after the external standard time pulse) are connected 
to the inputs of the ten subinterval latch means 240-249 
over subinterval data bus 232, the coded representations 
of the time interval between the external standard pulse 
and the next timing pulse are latched in the subinterval 
latches 240-249 at uniform time intervals of 1.25 nano 
seconds. 

If, for example, the external standard pulse arrives at 
subinterval signal generator, or passive delay line 230, 
43 nanoseconds after the last timing signal and, thus, 57 
nanoseconds before the timing signal next following the 
external standard pulse, the leading edge of the external 
standard pulse will have traveled down the passive 
delay line 230 for 57 nanoseconds at the time of the 
timing signal that next follows the external standard 
pulse; and the external standard pulse will be producing 
outputs at the 12.5, 25, 37.5 and 50 nanosecond delay 
outputs of the passive delay line. These four outputs can 
be considered a 00001111 binary coded representation 
of the time interval after the external standard pulse, 
and are present at the inputs of each of the subinterval 
latch means 240-249 at the time of occurrence of the 
next timing pulse (and for the 7.0 nanoseconds before 
occurrence of the next timing signal). 
The next timing pulse operates the sub-subinterval 

generator 250 and produces, in sequence, an output 260 
at 0 time delay to latch subinterval latch means 240 and 
to store the 00001111 output of the subinterval signal 
generator 230, an output 261 at a 1.25 nanosecond delay 
after the timing pulse to latch subinterval latch means 
241 and to store the 00001111 output of the subinterval 
signal generator 230; an output 262 at a 2.5-nanosecond 
delay after the timing pulse to latch subinterval latch 
means 242 and to store the 00001 111 output of the subin 
terval signal generator 230; an output 263 at a 3.75 
nanosecond delay after the timing pulse to latch subin 
terval latch means 243 and to store the 00001111 output 
of the subinterval signal generator 230; and an output 
264 at a S-nanosecond delay after the timing pulse to 
latch subinterval latch means 244 and to store the 
00001111 output of the subinterval signal generator 230. 
At a 6.25-nanosecond delay after the timing signal, 

the sub-subinterval signal generator 250 produces an 
output 265 and latches subinterval latch means 245. At 
this time, however, which is 63.25 nanoseconds after 
arrival of the external standard pulse, the external stan 
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8 
dard pulse has traveled down the passive delay line 230 
for a sufficient time to produce an output at the 62.5 
nanosecond delay output, and the coded representation 
of the time interval after the external standard pulse at 
the outputs of the subinterval signal generator is now 
00011111. This coded representation of the time after 
the external standard pulse is stored in subinterval latch 
means 245, and each of the subinterval latch means 
246-249 et seq. subsequently latched by the sub-subint 
erval signal generator 250 stores the 00011111 output of 
the subinterval signal generator 230. 

After receiving the flag signal over connection 254, 
the central processing unit 30 reads the binary coded 
representations of the time interval after the external 
standard pulse that are latched in each of subinterval 
latches 240-249. The central processing unit 30 can 
determine from the binary coded representation stored 
in subinterval latch means 240 the time interval between 
the external standard one pulse per second and the tim 
ing signal to about i 12.5 nanoseconds. In the example 
above, the central processing unit determines that a 
coded representation 00001111 in subinterval latch 
means 240 represents an interval of more than 50 nano 
seconds, and less than 62.5 nanoseconds between the 
external standard pulse and the next timing pulse. 
The central processing unit 30 also compares the 

coded representations stored in subinterval latch 240 
with the binary coded outputs stored in each of the 
other subinterval latches 241-249 to determine the earli 
est mismatch between their stored coded representa 
tions. The central processing unit 30 determines from 
the comparison, the number of 1.25-nanosecond time 
intervals present in the time interval from the next tim 
ing pulse to the next change in the outputs of the subin 
terval generator caused by the external standard one 
pulse per second. In the example above, the central 
processing unit 30 determines that the outputs of subin 
terval generator 230 changes after 5 nanoseconds and 
before 6.25 nanoseconds after the next timing signal and 
that the time interval between the time of change in the 
SO-nanosecond output of subinterval time generator 230 
and the next occurring timing pulse is thus greater than 
6.25 nanoseconds and less than 7.5 nanoseconds. The 
total time interval between the external standard pulse 
and the next occurring timing pulse is therefore deter 
mined to be between 56.25 nanoseconds and 57.5 nano 
seconds, or between 42.5 nanoseconds and 43.75 nano 
seconds between the external standard pulse and the 
preceding timing pulse. 
With this information, the central processing unit 30 

can thus determine the total time interval between the 
internally generated one pulse per second and external 
standard one pulse per second by combining the number 
of l00-nanosecond intervals between the two signals, 
the time interval corresponding to the coded represen 
tation of the subinterval signal generator 230 stored in 
the first subinterval latch 240 at the time of the next 
timing pulse, and the number of 1.25-nanosecond inter 
vals representing the time between the change in out 
puts of the subinterval signal generator 230. In the pre 
ferred embodiment described above, the time interval 
determined by central processing unit 30 is accurate to 
less than i 1.25 nanoseconds. 

In operation, frequency generator 10 produces a se 
ries of timing signals having precise periods of time l/f 
between each signal of the series. To obtain accurate 
determinations of time interval, the frequency f is many 
times greater than the reciprocal of the time interval T 
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to be determined. In the preferable embodiment of this 
invention described above, the frequency f is ten MHz. 
The number of periods 1/ f between a initially generated 
time signal and a second external signal are counted by 
the combined action of counter means 210, time interval 
latch 220, and central processing unit 30, and the num 
ber of periods l/f are stored in a central processing unit. 
The external signal is processed, for example, by a 

subinterval signal generator 230, to produce it sequen 
tial outputs that are equally spaced in time and com 
mencing at times delayed from each other by subinter 
vals of 

The n outputs are sampled at p precise sub-subintervals 
of time, and the sampled outputs are stored. The next 
timing signal is processed to produce the p outputs. The 
p outputs are equally spaced in time and commence at 
times delayed from each other by sub-subintervals 

The p outputs generated from the next timing signal (as, 
for example, by subinterval signal generator 250) are 
used to sample and store the n outputs. 
The stored sampled n outputs are read at each of the 

subintervals and compared to determine the 

l 
pXnXf 

subinterval at which a mismatch occurred. The time 
interval between the ?rst and second signals is com 
puted from this information. 

In the time interval counter, subinterval generator 
230 thus forms a ?rst means, operated by the external 
signal, for producing a plurality of binary outputs 
spaced from each other by a plurality of equal time 
intervals that are substantially less than the time interval 
between the series of timing signals generated by the 
frequency generator 10. The plurality of outputs can 
represent, in binary coded form, the time interval fol 
lowing the external pulse. 

Sub-subinterval signal generator 250 forms a second 
means, operated by the timing signal next following the 
external signal, for producing a plurality of sequential 
outputs spaced from each other by a plurality of sub 
time intervals that are substantially less than the time 
interval between the plurality of binary outputs of the 
subinterval generator 230. 
The subinterval latch means 240-249 and the central 

processing unit form third means for storing the plural 
ity of binary outputs from the ?rst means (the coded 
representations of the time interval after the external 
pulse) at each of the sub-time intervals produced by the 
second means, and for determining the time interval 
between the external signal and timing signal from the 
stored binary outputs (coded representations), by inter 
preting the coded representations, by comparing them 
at each sub-time interval to determine the number of 
sub~time intervals represented by the change in stored 
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coded representations, and by combining the interpreta 
tion and determination. 
FIGS. 3A through 3G and 4A through 4E are sche 

matics of the time interval counter means of FIG. 20. 
Because the circuit of the time interval counter is too 
complex and extensive to be shown on a single sheet of 
patent drawings, the circuit diagram is shown on FIGS. 
3A through 3G and FIGS. 4A through 4E. FIGS. 3A 
through 36 illustrate the circuit diagram of one board 
(BOARD 1) of the preferred time interval counter 
means of FIG. 2C. FIGS. 3A through 3G can be assem 
bled to provide the complete circuit diagram by posi 
tioning FIG. 3B at the right of FIG. 3A and aligning the 
arrows indicating a continuation of the connections, 
positioning FIG. 3C at the right of FIG. 3B with their 
arrows aligned, positioning FIG. 3D at the right of 
FIG. 3C with their arrows aligned, positioning FIG. 3B 
at the right of FIG. 3D, positioning FIG. 3F at the 
bottom of FIG. 3A and positioning‘ FIG. 3G at the 
bottom of FIG. 3C (Part of P1, the remainder of which 
is shown on FIG. 3B, is shown at the right of FIG. 3G). 
As shown in FIG. 3, the counter means 210 comprises 

U1-U7 (310-316, respectively). These counters are 
74ACl6l (U1) and 74ACl6O (U2-U7) semiconductor 
counter devices manufactured by Fairchild. As shown 
on FIGS. 3A through 3D, devices U9-U12 (320-323) 
comprise time interval latch 220. The U9-U12 devices 
are 74HC373 octal transparent latches with three-state 
outputs manufactured by Fairchild. The count of count 
ers 310-316 is applied in binary code to the time interval 
latch means 320-323 over connections 330-336, respec 
tively. 
The external standard one pulse per second is applied 

to the G terminals of the U9-U12 devices (numbered 
320a-323d, respectively). Upon the application of the 
external time standard pulse, the counts of counters 
310-316 are latched in time interval latches 320-323. At 
the next available time following the “flag” and before 
the next external time standard pulse, the central pro 
cessing unit 30 actuates the 0C terminals of the U9-U12 
devices (numbered 320b-323b, respectively) and reads 
the stored counts of time interval latches 320-323 over 
time interval data bus 20, indicated by D0-D7 on FIGS. 
3A through 3E and FIGS. 4A through 4D. The connec 
tions leading to terminals 320a-323a and leading to 
320b-323b of the U9, U10, U11, and U12 devices 
(320-323), respectively, are represented by connection 
221 of FIG. 2. The stored counts represent the number 
of IOO-nanosecond time intervals between the internally 
generated one pulse per second and the external stan 
dard one pulse per second. The central processing unit 
30 stores this information. 
FIGS. 4A through 4E comprise a schematic diagram 

of a second board (BOARD 2) of the time interval 
counter showing the subinterval signal generator 230, 
the sub-subinterval signal generator 250, and the subin 
terval latch means 240-249 of FIG. 2C. The complete 
circuit diagram can be assembled by positioning FIG. 
4B to the right of FIG. 4A with the arrows aligned, 
positioning FIG. 4C to the right of FIG. 4B with the 
arrows aligned, positioning FIG. 4D to the right of 
FIG. 4C with the arrows aligned and by positioning 
FIG. 4E at the bottom of FIG. 4D. In the system, 
BOARD 2 of FIGS. 4A through 4Ea is connected to 
BOARD 1 of FIGS. 3A through 3G at the connection 
shown at the right of FIGS. 4D and 4E and at the left 
of FIGS. 3A and 3F. 










